Potyviruses are single-stranded positive-sense RNA viruses and represent the largest genus of plant viruses (reviewed in Riechmann et al., 1992) . Members of this genus are transmitted by aphids in a non-persistent manner. Two virus-encoded proteins are needed to accomplish this process (reviewed in Pirone, 199I): the helper component-proteinase (HC-Pro) and the coat protein (CP). The N-terminal region of the CP contains a conserved amino acid motif, Asp-Ala-Gly (DAG), essential for successful transmission of the virus by the insect (Atreya et at, 1990) .
Several potyvirus strains have become poorly or nontransmissible by aphids following repeated mechanical inoculation (Simons, 1976) . This deficiency could be due to mutations either in HC-Pro or in the N-terminal part of the CP. Isolates defective in transmission due to alterations in HC-Pro have been described (Kassanis & Govier, 1971; Lecoq et al., 1991) and the corresponding HC-Pro genes sequenced (Thornbury et al., 1990; Granier et al., 1993) . Comparisons of the predicted amino acid sequences of HC-Pro revealed two types of amino acid change leading to the poorly aphid-transmissible (PAT) phenotype. A Lys to Glu substitution within a highly conserved N-terminal Cys-rich domain was observed in the HC-Pro of potato potyvirus C (PVC; Thornbury et al., I990) and in the RSA-PAT strain of zucchini yellow mosaic potyvirus (ZYMV), and a Thr to Ala change within a conserved Pro-ThrLys (PTK) box in the HC-Pro of the ZYMV-E15-PAT strain (Granier et al., 1993; Huet et al., 1994) . The deleterious effect of the Lys to Glu substitution on aphid transmissibility was confirmed by site-directed mutagenesis of the tobacco vein mottling potyvirus (TVMV) HC-Pro gene (Atreya et al., 1992) . Interestingly, this point mutation was also associated with reduced virus accumulation and symptom expression.
Potato virus Y (PVY) is the type species of the genus Potyvirus; the complete nucleotide sequence of a necrotic strain of PVY (PVY-Fr; previously named PVYn) has been determined (Robaglia et al., 1989) . Analysis of the deduced amino acid sequence of its HC-Pro gene revealed a Lys residue at position 334 [numbering according to Robaglia et al. (1989) ], in agreement with its aphid transmissibility. Several mechanical inoculations of this aphid-transmissible (AT) form (PVY-AT) resulted in a PAT isolate (PVY-PAT) with a Glu in the corresponding position. Here we show that an AT isolate (PVY-ATnew) could be regenerated from the PVY-PAT isolate by reversing the mode of transmission. Fig. 1 . Alignment of the nucleotide and deduced amino acid sequences of the HC-Pro amino-terminal region from the PVY isolates. Conserved cysteine residues are in bold and the sites of nucleotide and amino acid changes are boxed.
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Southern hybridization, and cDNA amplification and cloning were as described (Sambrook et aI., 1989) . To express the first 84 amino acids of HC-Pro of PVY-AT used for production of a polyclonal anti-HC-Pro antiserum, total RNA extracted from infected tobacco plants was reverse transcribed (RT) using a primer (5' CGAATTCAA_ACCATCTCTTGC 3') complementary to nucleotides 1262-1279 of the PVY genome.
The first strand cDNA was amplified by PCR, using the above primer and a primer (5' GGGATCCAGTTTTCGAATGCC 3') homologous to nucleotides 1027-1046 of the viral genome. The primers contained a BamHI or EcoRI restriction site (underlined), respectively. The PCR fragment was cloned into BamHI-and EcoRI-digested plasmid pGEX-3X (Pharmacia).
The protein fused with glutathione S-transferase (Smith & ; 4, Johnson, 1988) was expressed in Escherichia coli, purified on a glutathione--Sepharose 4B column as recommended (Pharmacia) and used for rabbit immunization (0"5 rag) with complete Freund's adjuvant (Sigma) as described (Harlow & Lane, 1988) .
RT-PCR amplification of total RNA from PVY-PAT-and PVY-ATnew-infected tobacco plants was done as described for PVY-AT. The PCR fragments corresponding to the Nterminal part of HC-Pro (nucleotides 1027-1279) were sequenced using the amplification primers with a dye terminator cycle sequencing kit (Applied Biosystems) on an Applied Biosystems 370A automated DNA sequencer. RT-PCR amplification of the genomic region corresponding to the N terminus of the PVY CP was done as described above using primer I (5' CATCCGCACTGCCTCATACCACG 3'), complementary to nucleotides 8847-8869 within the CP cistron, and primer 2 (5' GCCTTCACTGAAATGATGG 3'), homologous to nucleotides 8504-8522 of the nuclear inclusion-b cistron. Sequencing of the resulting 365 bp PCR product was done using primer 1.
To determine the level of CP and HC-Pro accumulation in plants infected with PVY-PAT and PVY-ATnew, five independent tobacco seedlings for each isolate were inoculated simultaneously with the same amount (1 g/ml) of virusinfected leaf extract per inoculum. Leaf discs (5"0 mm diameter) were collected serially from the first systemically infected leaf of each seedling from 7-28 days post-inoculation (days p.i.) at 7 day intervals. The leaf discs were homogenized in 150 I~l of HC-Pro extraction buffer (100 mM-ammonium acetate pH 8"8, 20 mM-EDTA and 20 mM-sodium diethyldithiocarbamate) and total protein extracts subjected to immunoblot analysis using a PVY-specific monoclonal antibody (Ingenasa, Spain) or polyclonal anti-HC-Pro antiserum. Blots were developed with ECL chemiluminescent detection reagent (Amersham), and the intensity of the signals was measured (Roussel et al., 1994) . Statistical analysis of data using a two-way ANOVA was performed using StatView 4.02 (Abacus Concepts).
Tobacco (Nicotiana tabacum cv. Xanthi) plants infected with each virus isolate were used as source of virus for plant-toplant aphid transmissions as described (Lecoq et al., 1991) .
The PVY-Fr strain possessed an AT phenotype (Robaglia et al., 1989) . A plant-to-plant transmission assay using aphids showed that, in two independent experiments, a total of 18 out of 27 tested plants became infected (6/12 and 12/15, transmission rate 66"7%). This PVY-AT isolate was subsequently maintained in tobacco by successive mechanical inoculations. In transmission experiments carried out after approximately 10 mechanical passages, in two experiments only 1I'1% (0/12 and 3/15) of the plants tested were infected following aphid transmission. Thus, during repeated mechanical inoculations, the PVY-AT isolate had evolved towards a PVY-PAT form. The plants infected with PVY-PAT were then used as virus sources for further plant-to-plant aphid transmission tests. After two cycles, 100% (12/12 and 15/I5) of the aphid-inoculated plants were infected, showing that aphid transmissibility was completely restored. Consequently, an aphid-transmissible PVY-ATnew form could be re-isolated from PVY-PAT-infected plants when the mode of transmission was switched from mechanical to aphid.
The nucleotide sequence encoding the N-terminal region of PVY-PAT and PVY-ATnew HC-Pro was determined and compared to the previously established sequence (Robaglia et al., 1989) of the PVY-Fr strain (referred to here as PVY-AT). An A to G transition in position 1184 (Fig. 1) resulted in a change from Lys-334 (in PVY-AT and PVY-ATnew) to Glu (in PVY-PAT). Another nucleotide change (U to G in position 1154) leading from Leu-324 to Val was also observed, but since it occurs in both the PVY-PAT and PVY-ATnew variants, it has no effect on the activity of HC-Pro. A third silent nucleotide substitution at position 1168 was observed in PVYATnew. The results obtained indicate that only the Lys to Glu substitution is directly involved in reduced transmissibility of PVY-PAT. Conversely, no nucleotide change was observed in the N-terminal coding region (first 296 nucleotides) of PVY-PAT CP, as compared to PVY-AT and PVY-ATnew CP, and the conserved DAG motif remained unchanged (not shown).
Accumulation of the PVY-PAT and PVY-ATnew isolates in systemically infected tobacco leaves over 4 weeks was estimated by immunoblot analysis of the CP. Fig. 2 (a) depicts a representative accumulation profile of the CP as obtained for each virus isolate. The level of CP detected in PVY-ATnewinfected tissue increased continuously from 7 to 28 days p.i. Although the same overall profile was observed for the PVY-PAT isolate, the level of CP detected in infected tissue at each time-point was lower than for PVY-ATnew. The profiles of CP acummulation shown in Fig. 2 (a) were reproducibly obtained in the five independent plants analysed. Densitometric and statistical analyses of such immunoblots revealed that significantly higher amounts of CP (F~4 = 12"72; P < 0"002) were present in PVY-ATnew-than in PVY-PAT-infected tissue. Thus, there is a difference in virus accumulation (based on the average densitometric values of CP signals) between PVY-PAT and PVY-ATnew.
The same procedure was used to investigate accumulation of HC-Pro over the same experimental period (Fig. 2b) . Significantly higher amounts of HC-Pro (F~a = 17"67; P < 0"0002) were present in PVY-ATnew-compared with PVY-PAT-infected tissue. The level of HC-Pro detected in PVYATnew-infected tissue increased progressively from 7 to 28 days p.i., while the level of the corresponding protein in PVY-PAT-infected tissue decreased over the same period. For both virus isolates the levels of HC-Pro remained comparable at 7 and 14 days p.i., but for PVY-PAT the level of antigen was low and undetectable at 21 and 28 days p.i. respectively. These differences were reproducibly observed in the five independent plants analysed.
The fact that in PVY-PAT-infected plants HC-Pro was detected only during the first 2 weeks after infection suggests that accumulation rather than synthesis of the protein was affected, This seems to be the case, since the profile of CP accumulation in PVY-PAT-infected plants was similar to that observed for the ATnew variant. It is therefore reasonable to propose that the decrease in HC-Pro accumulation could be due to the lower stability of the protein carrying the Lys-334 to Glu substitution. The mutation leading to this substitution could have appeared either de novo during the mechanical passages of PVY-AT or may be pre-existing in the initial PVY-AT isolate. To investigate this latter possibility, the 252 bp cDNA fragment (nucleotides 1027-1279) covering the N-terminal part of PVY-AT or PVY-PAT HC-Pro was amplified by RT-PCR and submitted to restriction analysis. The Leu-324 to Val substitution (Fig. 1 ) created a PstI site in the HC-Pro gene of PVY-PAT which upon digestion should produce two fragments of 125 and 127 bp. PstI digestion of the RT-PCR products followed by Southern hybridization (Fig. 3) indicated that trace amounts of the PAT variant co-exist with PVY-AT.
In addition, this analysis shows that PV'Y-PAT is also a mixed population of viral genomes, which is consistent with its low level of transmissibility, a minor aphid-transmissible component providing sufficient amounts of HC-Pro to mediate the few aphid transmission events observed.
Lack of transmission activity of HC-Pro due to a Lys to Glu substitution in its conserved N-terminal domain has been described for PVC (Thornbury et al., 1990) and for two strains of ZYMV (Grumet etal., 1992; Granier et al., 1993) . This change is also involved in loss of aphid transmissibility of TVMV and associated with a reduced level of virus accumulation in infected plants (Atreya etal., 1992; Atreya & Pirone, 1993) . By analogy, the lower level of CP observed in PVY-PAT-infected plants probably reflects an adverse effect of the mutation on virus replication or movement. This further suggests that HC-Pro, beside its role in aphid transmission, is also involved in other functions during virus development (Dolja etal., 1993; Gamble-Klein etal., 1994) .
The isolation of spontaneous HC-Pro mutants bearing the same Lys to Glu substitution from different potyvirus strains and species strongly suggests that a selection pressure mechanism is operating. The maintenance of potyvirus genomes bearing this mutation and encoding aphid-transmission-defective HC-Pro is another indication for an unknown role of this protein in the virus-host relationship.
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